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Transparent  Nd-doped  Lu2O3 bodies  were  fabricated  by  spark  plasma  sintering,  and the  effect  of  LiF
addition  on  sintering,  microstructure  and  transparency  of  Nd-doped  Lu2O3 bodies  were  investigated.  LiF
promoted  the  densiﬁcation  at an  early  stage  of  sintering,  resulted  in  high  transparency  of the  Nd-dopedccepted 20 February 2014
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Lu2O3 body.  The  optimal  content  of  LiF  was  0.2 wt%  and  that  Nd-doped  Lu2O3 body  showed  a transmittance
of 81.8%  (99.5%  of theoretical)  at 1080  nm  after  annealing  in  air for 21.6 ks.
©  2014  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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. Introduction
Neodymium-doped lutetium sesquioxide (Nd-doped Lu2O3) is a
romising material for high-power lasers because of its higher ther-
al  conductivity [1,2] and larger quantum efﬁciency [3] than those
f common laser materials such as Nd-doped yttrium aluminum
arnet (YAG). Nd-doped Lu2O3 has laser emissions at the wave-
engths of 1076 and 1080 nm simultaneously from 4F3/2 → 4I11/2
ransition [3], whereas emissions at 917 nm (4F3/2 → 4I9/2) and
359 nm (4F3/2 → 4I13/2) have also been reported [4]. Therefore,
d-doped Lu2O3 can be widely used for laser applications, such
s remote sensing, spectroscopy, medicine, material processing
nd optical communication. On the other hand, among the sesqui-
xides (Y2O3, Sc2O3), Lu2O3 exhibits highest thermal conductivity
t high doping concentrations of lanthanoid elements [1,2], and the
ross-sections for the 4F3/2 → 4I11/2 transition are larger than those
f Nd-doped Y2O3 and Nd-doped Sc2O3 [3].
Because a transparent Lu2O3 single crystal is hard to grow owing
o its high melting point (2700 K), a transparent polycrystalline
u2O3 has attracted much attention. Transparent Lu2O3 ceramics∗ Corresponding author. Tel.: +81 22 215 2106; fax: +81 22 215 2107.
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eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
Production and hosting by ElsevierELSEVIER
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2014.02.006
r
m
g
2
N
(
p
m
fave been obtained by solid state sintering process, i.e., pressure-
ess or vacuum sintering techniques. However, in these processes,
 home-made precursor powder, high sintering temperature and
rolonged sintering time are needed to full densiﬁcation [5,6].
park plasma sintering (SPS) is a novel route to fabricate trans-
arent Lu2O3 in a short time at a relatively low temperature [7,8],
hereas the grain growth and its reducing atmosphere could cause
he coloration of the specimens. The lower the sintering tempera-
ure of SPS the lower the grain growth and reduction.
LiF has been used as a sintering aid to lower the sintering tem-
erature [9,10]. Transparent Yb-doped Lu2O3 was fabricated by
ot isostatic pressing using co-precipitation powder with a small
mount of LiF [11,12]. Transparent MgAl2O4 [13] and YAG [14] were
abricated by SPS with 0.25–1 wt%  LiF. Transparent Y2O3 was  pre-
ared by SPS with 1 wt%  LiF at low sintering temperatures [15]. LiF
ould promote reaction sintering and densiﬁcation, and eliminat-
ng carbon contamination through vaporization of LiF at elevated
emperatures. However, the LiF addition to the SPS of Lu2O3 has
ot been reported.
In the present study, transparent Nd-doped Lu2O3 was fab-
icated by SPS and the effects of LiF addition on densiﬁcation,
icrostructure and transparency of Nd-doped Lu2O3 were investi-
ated.
. Experimental procedures
Lu2O3 (Shin-Etsu Rare Earth, Tokyo, Japan; 99.99% purity),
d2O3 (Wako Pure Chemical, Tokyo, Japan; 99.9% purity) and LiF
Wako Pure Chemical, Tokyo, Japan; 99.9% purity) commercial
owders were used as starting materials. These powders were
ixed in the molar ratio Lu:Nd = 95:5 with different content of LiF
rom 0 to 0.5 wt%  by ball milling using zirconia balls in ethanol for
eramic Societies 2 (2014) 154–157 155
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Fig. 1. XRD pattern of the Nd-doped Lu2O3 with 0.1 (a) and 0.5 wt%  LiF (b) sintered
at  1723 K for 2.7 ks. Pattern (c) is the standard of Lu2O3 (JCPDS card #43-1021).L. An et al. / Journal of Asian C
3.2 ks. The mixed powder was dried at 333 K for 86.4 ks. The pow-
er mixture was ground and passed through a 200-mesh sieve, and
hen it was calcined at 1273 K in air for 7.2 ks. The particles size after
all milling was 0.3 m in average diameter [8].
The calcined powder was poured into a graphite die with a diam-
ter of 10 mm and sintered using an SPS apparatus (SPS-210 LX, Fuji
lectronic Industrial, Japan) in a vacuum. The sintering temperature
as increased to 873 K in 180 s and 1373 K in 300 s, and then held at
hat temperature for 300 s. The temperature was further increased
o 1723 K at 0.17 K s−1 and maintained for 2.7 ks [16]. The temper-
ture was monitored by an optical pyrometer (IR-A, Chino, Tokyo,
apan). A pressure of 10 MPa  was preloaded from room temperature
o 1373 K, and increased to 100 MPa  above 1373 K. The displace-
ent of the punch rod (shrinkage of specimen) was  monitored
uring sintering. The intermediate relative density (t) during SPS
t a sintering time t was calculated from Eq. (1):
t = 0
(
d0
dt
)
, (1)
here 0 is a relative density of Nd-doped Lu2O3, which was
easured by Archimedes method in distilled water from a the-
retical value. d0 and dt are the thickness of the sintered bodies
fter sintering and at time t, respectively. dt was calculated from
he displacement of the punch rod with correction of the ther-
al  expansion of the graphite die. After sintering, the specimens
ere mirror-polished on both sides using diamond slurries. The
nal thickness of the sintered body was approximately 1 mm.  The
eat treatment (post-annealing) was carried out at 1123 K in air for
1.6 ks.
The phase was studied by X-ray diffraction (XRD, RAD-2C,
igaku, Japan) at 30 kV and 15 mA  using graphite monochromatic
uK radiation (wavelength of 0.154 nm)  in the 2 range from 10◦
o 80◦. The sintered bodies were thermally etched at 1573 K in air
or 3.6 ks. A ﬁeld emission scanning electron microscope (FESEM,
SM-7500F, JEOL, Japan) and a scanning electron microscope (SEM,
-3100H, Hitachi, Japan) were used to observe the thermally etched
urface and fracture surface. The average grain size was deter-
ined from the linear intercept length using SEM micrographs
ith at least 250 grains counted (assuming a gain size of 1.56 times
he mean intercept) [17]. The in-line transmittance was measured
sing a spectrophotometer (UV-3101PC, Shimadzu, Japan) in the
avelength range from 190 to 2500 nm.
. Results and discussion
Fig. 1 shows the typical XRD patterns of Nd-doped Lu2O3 with
.1 and 0.5 wt% LiF sintered at 1723 K for 2.7 ks. The XRD patterns
f Nd-doped Lu2O3 without LiF and with 0.05–0.5 wt% LiF was
ndexed as the cubic of Lu2O3 (JCPDS card #43-1021) and no second
hases were observed.
Fig. 2 shows the relative density (t) of Nd-doped Lu2O3
ithout and with 0.05–0.5 wt% LiF. Although the t of all the
d-doped Lu2O3 after sintering was greater than 99%, the den-
iﬁcation behavior varied depending on the amount of LiF. The
nitial density (t at t = 0) increased slightly with increasing LiF con-
ent. The densiﬁcation was enhanced at an intermediate sintering
ime (t = 480–780 s) with LiF. When the ﬁnal pressure (100 MPa)
as applied, the relative density signiﬁcantly increased in par-
icular with 0.05–0.2 wt% LiF. The relative density reached 99%
efore ﬁnal temperature (1723 K) with 0.05–0.2 wt% LiF. Addition
f 0.05–0.2 wt% LiF promoted the densiﬁcation of Nd-doped Lu2O3
odies more signiﬁcantly during the SPS process than the other
wo bodies, i.e., without LiF and with 0.5 wt% LiF. When the LiF
ontent increased to 0.5 wt%, the specimen was broken. A similar
ehavior has been reported in SPS sintering of YAG [14], i.e., YAG
Fig. 2. (a) Relative density of Nd-doped Lu2O3 bodies without and with 0.05–0.5 wt%
LiF  and (b) sintering temperature proﬁle.
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Fig. 3. SEM images of thermally etched surfaces of Nd-doped Lu2O3 (a) without and with LiF of (b) 0.05 wt%, (c) 0.1 wt%  and (d) 0.2 wt%.
, (c) 0.1 wt%, (d) 0.2 wt% and (e) 0.5 wt%. The specimens were 30 mm above the text.
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dFig. 4. Photograph of Nd-doped Lu2O3 (a) without and with LiF of (b) 0.05 wt%
ody with LiF greater than 0.25 wt% was broken after SPS sintering.
his might be due to high amount of LiF evaporation from body or
eaction between LiF and graphite mold.
Fig. 3 shows SEM images of thermally etched surfaces with-
ut and with 0.05–0.2 wt% LiF. The Nd-doped Lu2O3 without LiF
howed a ﬁne microstructure with an average grain size of 0.34 m
Fig. 3a), while those with LiF had large grains and the grains grew
ith increasing LiF content (Fig. 3b–d). Pores were not observed in
ll the specimens. Hodge and Gordon [18] proposed that a small
mount of LiF enhanced the grain growth and diffusional creep
y increasing lattice and grain boundary diffusivities during the
intering of MgO. In the studies on transparent YAG and MgAl2O4
odies, LiF reacted with residual carbon to form volatile carbon-
uoride gas on the particle surface, resulting in enhancement of
rain growth [14,19].
Fig. 4 shows photographs of Nd-doped Lu2O3 without and with
.05–0.5 wt% LiF. The specimen without LiF had a gray-blue color
nd their color became light with increasing LiF content.
Fig. 5 shows transmittance spectra of Nd-doped Lu2O3 without
nd with 0.05–0.5 wt% LiF. The absorption peaks can be attributed
o Nd3+ ion. The transmittance in the whole wavelength range
ncreased with increasing LiF content from 0 to 0.2 wt% and then
ecreased with further increasing to 0.5 wt%.
F
0
ig. 5. Transmittance spectra of Nd-doped Lu2O3 without and with LiF from 0 to
.5 wt%.
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[19] M.  Rubat du Merac, I.E. Reimanis, C. Smith, H.-J. Kleebe and M.M.  Müller, Int. J.ig. 6. Transmittance spectra of Nd-doped Lu2O3 before (dotted line) and after
nnealing in air (solid line). Dashed line represents the calculated spectrum from
he refractive index of Lu2O3 single crystal [20].
Fig. 6 shows transmittance spectra of Nd-doped Lu2O3 with
.2 wt% LiF before and after annealing at 1123 K in air for 21.6 ks.
he gray color was diminished and the transmittance increased
fter annealing. The theoretical transmittance of pure Lu2O3 at
080 nm is 82.2% by the reﬂective losses of both surfaces [20]. The
ransmittance of Nd-doped Lu2O3 with 0.2 wt% LiF reached 81.8%
fter annealing, i.e., 99.5% of the theoretical value. The Nd-doped
u2O3 body with 0.2 wt% LiF exhibited the highest transmittance.
. Conclusions
Highly transparent Nd-doped Lu2O3 was fabricated by SPS with
iF. The addition of 0.05–0.2 wt% LiF promoted the densiﬁcation,
nd full dense bodies were obtained in an early stage of sintering. ﬁne microstructure with submicron grains was obtained without
iF additive, whereas the grains grew with increasing LiF content.
he gray color disappeared and the transmittance increased with
ncreasing LiF content from 0 to 0.2 wt% LiF, whereas the addition
[c Societies 2 (2014) 154–157 157
f 0.5 wt%  LiF led to cause cracks at outside of the sintered body
nd a decrease in the transparency. Nd-doped Lu2O3 body with
.2 wt%  LiF showed the highest transmittance of 81.8% (99.5% of
heoretical) at 1080 nm after annealing in air for 21.6 ks.
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